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Executive Summary 
Motorcycling at night is an inherently dangerous situation and is compounded by poor illumination of 
the roadway when cornering through a turn. Due to stationary headlamps geometry being designed for 
upright riding position, cornering a motorcycle causes the illumination of the forward path to be 
decreased significantly. The goal of this project is to develop a lighting system that will improve road 
illumination for riders at night using guidable lights that deflect prior to and during a turn. In addition to 
developing a working prototype, this project’s intent is to work in conjunction with a partner from the 
school of business to present the project to investors and hopefully start a viable business.  
A major challenge of this project is that the final product will have to be patentable in order to protect 
the intellectual property of the start-up business. By researching the United States Patent and 
Trademark Office online patent documents, the team found over a dozen patents related to this field of 
invention, some owned by the Kawasaki and Honda motorcycle companies, but none using our unique 
approach to guiding the lights.  
Our team came up with a top concept that we believe will deliver superior performance and qualify for 
patent issuing. The top concept is mainly a three part mechatronics system using a microcontroller to 
direct lighting in the desired direction of a turn. The system will track the movement of the rider’s head 
to constantly monitor where he/she is looking in the roadway ahead. Then the microcontroller will 
redirect lighting to the same area. This concept allows a rider to see ahead through a turn before 
entering it and therefore drastically improve riding conditions for the rider at night. Furthermore, this 
innovation makes it possible to be issued a patent to protect our intellectual property. 
The main purpose of this report is to define our engineering requirements, show the concept selection 
process, provide the reader with background information, and describe the functional aspects of the top 
concept. The project team was challenged with finding a suitable method to track the rider’s head 
movement in the harsh environment of a motorcycle. Most of the generated concepts had little promise 
of functioning reliably, if at all. Through extensive research the team has finally found all necessary 
components to make our approach to a guidable motorcycle lighting system work.  
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Chapter 1: Introduction 
Motorcycling contains many inherent and well-recognized risks and minimizing or eliminating these risks 
draws attention from hundreds of manufacturers and sustains a large international market.  Riding a 
motorcycle at night presents additional risk for riders and deters many from doing so. Additionally 
almost 60 percent of motorcyclist’s fatalities in single vehicle crashes occur at night.1 Inadequate road 
illumination is a major safety dilemma when riding at night. Poor visibility makes road hazards nearly 
impossible to see unless they are directly in front of the motorcycle, and leaves riders with little time to 
react. One major point of concern is the effect cornering geometry has on road illumination. When 
motorcyclists lean into a curved section of road, fixed headlamps are rotated downward and the 
illumination pattern is almost completely restricted to a small area directly in front of the bike.  This 
effect magnifies if the brakes are applied.  Stock headlamps are designed to disperse light in such 
fashion as to provide the rider with the widest possible field of vision. However, headlamps do not 
disperse light upward well to illuminate through a turn when the bike is cornering. This leaves riders 
with the inability to spot road conditions ahead of them in a turn.  A control system that would 
illuminate further ahead in turns would provide a much needed solution to this problem.  Developing 
such a system is the focus of this project. 
The primary stakeholders for this project are Toby Lloyd, Billie Fritz, and Luke Richter.  This is an 
interdisciplinary entrepreneurship project intended to bring an innovative solution, which Billie and 
Toby have begun to develop, to market.  The solution being pursued is a system utilizing guidable 
auxiliary headlamps in addition to the stock headlamp unit.  The main function of the system is to 
provide better illumination during cornering at night than a motorcycles’ stock lighting system provides.  
This system incorporates auxiliary lights which can deflect left and right at the rider’s discretion to 
improve visibility while approaching a corner, as well as upward, dependent on bike dynamics, to 
improve visibility while cornering. 
Our proposed idea for a guidable auxiliary motorcycle headlight will use the position of the rider’s 
helmet as an input for the control system.  Sensors to determine the position of the helmet will provide 
a method for the rider to effortlessly interact with the system.  We believe that tracking the location of 
the helmet’s chin-piece will provide enough information to ascertain which direction the rider is looking. 
When the rider looks to the left or right, the auxiliary headlamps will be aimed in the direction the rider 
is looking.  Thus, this system would “anticipate” turns by picking up the movement of the rider’s helmet 
when they begin to look through the turn prior to leaning the bike over. This is an obvious advantage 
over using sensors measuring the dynamic properties of the bike as such a system will not adjust the 
headlight until the bike has already entered the turn.  Using helmet position, in contrast, makes it 
possible to spot hazards in the rider’s path prior to entering the turn.  Furthermore, this system also 
allows the rider to scan for roadside hazards such as wildlife and pedestrians while traversing a straight 
line. 
Using the rider’s helmet position provides a great method for instructing the system to aim left or right, 
however, rotating the headlights in only one plane will not be sufficient to provide the additional 
illumination we feel is necessary for cornering. As was mentioned previously, during cornering, fixed 
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headlamps are rotated downward and the illumination pattern is almost completely restricted to a small 
area directly in front of the motorcycle. Therefore it is necessary that our system include a way for the 
headlamps to be rotated about their longitudinal axis (x-axis). By rotating the auxiliary headlamps while 
the motorcycle is leaned over in a corner, the horizontal spread of the headlight’s illumination pattern is 
maintained and the rider’s path will be illuminated further through the corner.  Improving the lighting 
further ahead in corners will provide additional time for the rider to spot and react to dangerous 
situations.  In order to implement this longitudinal rotation, dynamic sensors will need to be used to 
calculate angular properties of the motorcycle. Then the auxiliary headlamps can be rotated remain 
horizontal with respect to the gravitational pull of earth. 
 
Chapter 2: Background 
Several adaptive lighting systems have been incorporated into automotive applications from makers 
such as BMW, Audi, and Cadillac. These high end automotive manufacturers maintain a high level of 
focus on safety features available for their fleet of cars. However, the motorcycle industry is lagging 
behind the technology of the automotive industry. Currently, there are no motorcycles that come with 
any form of adaptive lighting from the factory, nor are there any aftermarket solutions, aside from 
adding more or brighter lights, that address this problem. Many motorcycle manufacturers are moving 
to brighter lighting, however most are not trying to compensate for the changing geometry of cornering. 
After searching the Patent and Trademark Office database online for some time, many patents were 
found pertaining to motorcycle lighting systems. Many of the existing patents are for ways to control the 
headlamp using varying sensing systems from radar to gyroscopes.  
2.1 Existing Patents 
The most recent patent involving a motorcycle headlight aiming system was patent number 7556410 is 
assigned to Kawasaki Heavy Industries Limited titled “Vehicle headlight device”. The system described 
within is much like other previous patents involving adaptive motorcycle headlight systems. In the 
majority of these systems, various sensors are used to determine the dynamic properties of the 
motorcycle. These dynamic properties are then used by a computing unit to orient the headlight in a 
direction corresponding to the area ahead in a turn requiring additional illumination. The Kawasaki 
patent specifically describes a system in which one or more lights is capable of being deflected to the 
left or right and vertically to correct for adverse geometry effects while cornering.2 
In 1995, Honda was issued a patent titled “Motorcycle headlight and method for controlling a light 
distribution thereof”. Honda developed a system that was outside of the status quo for adaptive 
lighting. The patent entailed a system that would not change the orientation of the headlight but 
instead change the geometry of the headlights reflectors in order to redirect the lighting to areas ahead 
of turns. However, this system is still dependent on dynamic properties of the motorcycle and only 
differs in the way they chose to redirect light by changing reflector geometry.3 
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Patent number 7445364 titled “Headlight unit for single-track two-wheeled vehicles” belonging to 
Stephan Gropp and Klaus Freudenberg issued in 2008 is yet another motorcycle headlight system using 
dynamic inputs to redirect light while cornering for better illumination.4 One more patent worthy of 
recognition is patent number 5896085 awarded in 1999. Takakazu Mori and Takashi Nakamura’s patent 
“Apparatus for controlling light distributions of head lamps” entails a system for controlling headlight 
orientation based on the driver’s estimated view position. This system uses driver behavior data as a 
means to estimate the direction the driver is looking. In addition, this system uses an optical sensor 
facing forward of the vehicle to determine which areas of the road are not being illuminated. Coupling 
this system to various sensors to evaluate speed and steering wheel rotation makes this system capable 
of directing light in needed areas ahead of turns.5 Although this patent was not explicitly written for 
motorcycles; it still has relevance for a guidable motorcycle headlight. 
The patents described previously were merely the most recent in a long list of almost identical patents 
for motorcycle lighting systems. Going from one patent to the next only shows small deviations in the 
ways the patents are written and almost no difference in the actual function of the systems themselves. 
Older patents such as Jacques Alphen’s “Lighting system for a motorcycle”, patent number 3939339, 
make use of mechanical components such as gyroscopes and free weights to directly control the 
motorcycle’s headlamp have since been overshadowed by much more accurate electronic methods 
described in newer patents.6 A patent-by-patent overview will not be included in this report as 
describing all the patents related to this project is beyond the scope of this report. Furthermore, of all 
the patents reviewed by the design group, the Kawasaki patent is the most current and quite possibly a 
direct competitor to our final product. 
2.2 Northeastern University Adaptive Motorcycle Headlight Project 
A project similar to ours was carried out by a group of students at Northeastern University in Boston, 
Massachusetts in May of 2002. Their technical report was found online through a search engine and 
provides some insight as to some areas of research that could be very useful to our project. The 
Northeastern project group focused their efforts on using the dynamic sensors to correct headlight aim 
and as such have provided a useful stepping stone into dynamic relations of cornering and lighting 
angles. Figure 1 shows the result of their calculations based on estimated reaction times. The N.U. group 
estimated the distance ahead the rider would be looking based on speed and bank angle and 
correspondingly found a relationship to drive the location of their proposed illumination correction.7 
Some of the equations and methods found within the N.U. technical report provide some useful insight 
into how our project group can determine the functional requirements of our system. 
2.3 Optical Tracking 
One particular area of interest, especially for the projects current top concept, is the use of optical 
sensors for a possible input to the control system. Some very useful thesis papers including 
“Implementation of a low cost marker based infrared optical tracking system” by Michael Mehling and. 
“Single Camera Based Optical Tracking System for Personal Entertainment” by Liu, Wang, and Dongdong 
Weng have provided a great deal of information and references to additional information regarding the 
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use of digital optical systems and programming robust computer algorithms.8,9 In addition, “Time-
Varying Imagery Analysis” by Thomas S. Huang is available at the Cal Poly library and holds useful 
information pertaining to performing matrices operations on digital arrays corresponding to using 
optical sensors and information on programming for infra-red imagery analysis along with methods for 
tracking movement.10 
 
Figure 1 - A graph showing the N.U. project group’s dynamic relationship between speed, bank angle, and proposed 
illumination angle.7 
2.4 Legal Considerations 
While working through the design process the team will have to make sure that the lighting system will 
conform to all vehicle codes. It will be necessary that the system comply with all regulations set in place 
by the Department of Transportation. There are limitations to the brightness of headlamps, direction of 
aim, and other properties that must be observed in order to produce a street legal product. The D.O.T. 
website contains links to all vehicle codes for manufacturing purposes that will provide necessary 
restrictions for the final design. 
 
Objectives 
This project’s overall goals are encompassed in developing, prototyping, patenting, and marketing an 
electromechanical system that illuminates approaching corners in roads better than a stock motorcycle 
headlight by using deflectable auxiliary lights attached to either side of the motorcycle.  The system 
must be capable of activating deflection of the lights in anticipation of a corner. To achieve this 
capability, our design will utilize a type of remote sensing to allow the relative position of the rider to 
the motorcycle to deflect the auxiliary lights left or right before reaching a turn, while bike dynamics 
must control rotation of the lights around the longitudinal axis.   A number of goals must be met in order 
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to complete this project using our unique approach.  A QFD table that aided in the selection of design 
requirements is available in appendix B.  A list of primary requirements is given below: 
 
1) General system requirements: 
a. Reaction time of <0.25 seconds, including both signal processing time and servo 
response time. 
b. Total weight must be <4.0 pounds. 
c. Anticipate upcoming turns. 
d. Deflect auxiliary lights to illuminate through a turn in the road. 
e. Patented product that can be manufactured at low enough cost to be affordable for a 
large percentage of motorcyclists.   
Table 1 – Formal Engineering Requirements 
 
 
2) Visually appealing, lightweight, easily installed housings will be needed to shield the lights, 
motorized drivers, and mounting gimbals from weather and road debris.   
 
3) System inputs: 
a. Detect and measure up to 45 degrees of motorcycle lean. 
b. Measure the lateral acceleration of the motorcycle. 
c. Sample and output at a rate of at least 30 Hz. 
d. Small, robust, and easily mounted to minimize added weight and install time, maintain 
the bikes’ aesthetic appeal, and withstand harsh weather. 
 
4) Light deflection: 
a. Left and right deflection of the auxiliary lights must be directly or indirectly controlled by 
the rider. 
b. The lights must be able to deflect up to +/- 15 degrees from straight ahead about the z-
axis (see figure below). 
 
Spec. # Parameter Description Target Tolerance Risk Compliance 
1 Weight 4 lbs Max L A 
2 Size 4x4x6 in Max H A,I 
3 Response Time 0.25 s Max H T,A 
4 Longitudinal Rotation +20° Min M T,A 
5 Horizontal Angle Deflection ±15° Min M T,A 
6 Cost $600  ±100 M A 
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Figure 2 - Sketch depicting left/right light deflection. 
c. Allow motorcycle dynamics to control the longitudinal rotation of the lights. 
d. The lights must rotate +/-45 degrees about the x-axis to provide proper forward 
illumination when the motorcycle is turning (see figure below). 
 
5) System controller:  
a. Able to withstand vibration of at least 5g and possibly harsh weather and cannot 
overload the motorcycle’s electrical system. 
b. Have a sensor sampling time of < 0.03 seconds. 
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Figure 3 - Sketch depicting required vertical light deflection. 
 
6) Motorized drivers: 
a. Deflect each light to a specific degree dependent on the output of the system controller. 
b. Must return to the zero position (straight line riding) without requiring a feedback loop. 
c. Minimum torque of 11.63 oz-in. 
d. Maximum 0-60° time of 0.36 seconds. 
 
7) Lights: 
a. Conform to all applicable vehicle codes applying to light intensity, direction, and 
mounting.  
b. Weigh no more than 0.50 pounds. 
c. Cannot overload the motorcycles electrical system 
Accomplishing all the goals will be difficult, but will provide a great learning experience for all involved 
and the opportunity to start a potentially successful business. If successful, this product will create a 
new, exclusive niche within the motorcycle accessories market. 
 
Chapter 3: Design Development 
As previously stated in the objectives, the overall goal of the project is to develop a patentable system 
that improves lighting conditions during corners and especially in anticipation of corners. In addition, the 
purpose of our system is to improve the safety of riding a motorcycle at night. With that in mind, 
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concepts were primarily evaluated on whether or not the idea was patentable and if the concept would 
work in anticipation of corners.  Ideas and concepts were then evaluated against other design 
requirements to establish which ideas had the most promise. 
Concepts: 
3.1 Steering Angle Sensor 
Using a potentiometer linked to the steering fork provided a method for determining the steering angle 
of the motorcycle. Hypothetically the steering angle would be used to determine the direction and 
magnitude of a turn. However, the actions required to steer a motorcycle change drastically at different 
speeds. At higher speeds, “steering a motorcycle or bicycle is counterintuitive; to turn right, you must 
steer left initially, and vice versa.” After initiating a turn at higher speeds, the steering angle of the 
handlebars remains relatively constant in proportion to the lean angle of the motorcycle. Conversely, 
counter-steering is not as necessary at lower speeds. Riders may initially counter-steer, but after 
initiating the turn, turn the handlebars in the direction of the turn to assist balancing.11 With the 
geometric dimensions governing the dynamics of each motorcycle design being different, characterizing 
a system that would accommodate any type of motorcycle would be far too complex. 
 
3.2 Pressure Transducer/Strain Gauges 
A concept using a combination of pressure transducers or strain gauges to measure forces exerted on 
the handlebars while steering was dismissed in the early stages of development. The belief was that by 
measuring the strains and calculation the resulting forces we could figure out the steering properties of 
the bike. However, this concept would be subject to the same difficulties as using a steering angle 
sensor plus the uncertainties of rider weight and the material used in the construction of the 
handlebars. With too many unaccountable variables we decided to develop a method that would be 
more reliable and adaptable to different situations. Additionally when meeting with the team’s business 
partner, he expressed concern that a difficult installation could be very problematic to the success of the 
team’s product. With too many geometric variables in the application of this concept even slightly 
improper installation by the customer could render the product to not function properly and ultimately 
lead to a failed product launch. 
 
3.3 Helmet Guidance Concepts 
Amongst the earliest concept ideas was to aim the light in the direction the rider was looking. It was the 
team’s belief that a rider would look ahead of the turn with significantly measurable movement of their 
head in such a manner that the lighting system could be guided to follow this movement and illuminate 
the forward path of the motorcycle. Because it is paramount for riders to exhibit good form while riding 
the team also thought that the movement could prove to be consistent enough to use as a way of 
directing the lighting where it was needed most. To properly negotiate a turn, as instructed by the 
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Motorcycle Safety Foundation, “Look through the turn to where you want to go. Turn just your head, 
not your shoulders, and keep your eyes level with the horizon.” With good rider form in mind, we 
approached this concept with much excitement. However, determining the direction of where the rider 
is looking proved to be much more difficult than anticipated.  
To ensure the safety of the rider while operating a motorcycle equipped with the final product it was 
necessary not to distract the rider or hinder their movement in any way. The team decided that the best 
way to remain non-intrusive was to use a means of wireless sensing or signals. Using the Robot Builder’s 
Bonanza as a starting point to learn about robot vision and guidance, our team began researching sensor 
options that could be used to determine where the rider was looking.  
3.3.1 Ultrasonic Timing. 
Ultrasonic timing is one of the most commonly used methods for robot guidance. 
Autonomous robots are often equipped with ultrasonic transceivers to locate distances 
to walls and objects within rooms. A distance relationship can be found by sending out 
an ultrasonic pulse and timing the return signal. The time interval is used to calculate 
the distance to whatever the signal was returned by. To use this method to find helmet 
position our team developed the concept of having an ultrasonic transmitter attached 
to the helmet and multiple ultrasonic receivers attached to the motorcycle to the left 
and right of the instrument cluster. The difference in the amount of time it took for the 
signal to reach each receiver would allow a simple triangulation calculation to be 
performed by the microcontroller. Unfortunately ultrasonic transmission was not a 
viable method for determining position as it is extremely susceptible to operational 
noise and would become a very unreliable input while the motorcycle was running. 
3.3.2 Radio Frequency Transmitters 
Another iteration of the head tracking concept was to use an active RF transmitter 
attached to the helmet in combination with two RF receivers attached to the motorcycle 
and located to the left and right sides of the instrument cluster in a similar manner to 
the ultrasonic concept. When the rider turns their head to look through an upcoming 
turn the transmitter on the helmet is oriented more towards one side of the motorcycle 
and would result in a stronger signal received by the receiver on that side of the 
instrument cluster. In theory the signal strengths could be compared and a difference 
relationship could be used to determine the location of the helmet beacon with respect 
to the centerline of the motorcycle. In reality the signal strength difference would be so 
small that incredibly sensitive equipment would be needed to accurately measure any 
detectable difference. Similarly to the ultrasonic sensor iteration, radio frequency 
signals are very unreliable when exposed to the electrical interference caused by the 
motorcycle’s ignition system. Both the ultrasonic and radio frequency sensor concepts 
had to be dismissed due to the inability to function reliably in the harsh electronic 
environment of a motorcycle. 
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3.3.3 Infrared Optical Sensors 
Infrared optical sensors are another readily available and inexpensive sensor input 
commonly used with microcontrollers. Infrared sensors work by detecting the intensity 
of infrared light that the sensor is exposed to. The more intense or brighter the light 
corresponds to an increase in the voltage sent by the sensor to the microcontroller. The 
area the sensor is exposed to can be restricted by fitting the IR sensors with small 
lengths of tubing thereby narrowing the sensors field of vision. An array of sensors 
oriented at different angles with vision restricting tubing could then be attached to the 
motorcycle’s instrument cluster. Then an infrared light source could be attached to the 
helmet and when the rider looks to one side or the other, the signal for the sensor 
oriented to that region would receive more infrared light and send a higher voltage 
value to the microcontroller than the adjacent sensors. The differences in the voltages 
could then be used by the microcontroller to calculate the relative location of the light 
source on the rider’s helmet and therefore what direction the rider is looking. The major 
benefit of using infrared light is that it does not receive interference from the 
motorcycle’s electrical system. Thus providing a much more reliable system input than 
previous transmitter methods and offering a feasible method for determining where the 
rider is looking. 
3.4 Dynamic Sensors 
One of the most promising concepts was to use a combination of sensors on the bike to acquire dynamic 
information such as lean angle and velocity data that could then be processed by a microcontroller to 
redirect the lights to the desired position. This concept was the foundation for the Northeastern 
University capstone project and showed a great deal of promise in that it would be able to accomplish a 
large number of our objectives. Electronic accelerometers and gyroscopes have become widely 
developed and increasingly affordable in recent years. Three axis accelerometers and gyroscopes are 
only on the order of $30 per unit if purchased individually and put out very strong and accurate signals 
for microcontrollers. However, a multitude of patents for various ways to use sensors in a system such 
as this already exist and our project team was concerned with not having a way to implement this 
concept without violating patent rights. In addition, it was in the best interest of our business partner 
that our design be patentable for this business venture to be successful. Furthermore this concept alone 
could not accomplish corner anticipation so our team decided on further development to find a concept 
that could fulfill more requirements and be patentable. 
3.5 Joystick Control 
The rider could be given direct control over the lighting movement via a two axis joystick. A joystick 
mounted within thumb reach of the rider’s left hand, like the turn signal switch, could grant the rider 
direct control over where the light was aimed. The thumb-stick would be much like those found on 
modern game console controller in which many people are familiar and experienced with operating a 
thumb-stick. It would be a simple way to accomplish corner anticipation; however we felt that 
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compromising both the rider’s grip and focus could be potentially dangerous. We decided to dismiss this 
concept since it could possibly cause too much distraction and therefore not make riding at night safer, 
thus defeating a major purpose of the system. 
 
Chapter 4: Final Design 
4.1 Overview 
The team’s final design that accomplishes corner anticipation uses rider head position relative to the 
bike to guide the headlights left or right corresponding to the direction of the upcoming turn. Initial 
discussion led to the idea of tracking the location of the helmet’s chin-piece as it is the closest and most 
visible part of the helmet to the instrument cluster. The premise is that the rider turns his helmet to face 
the direction of the upcoming turn and therefore their head motion could be used to anticipate turns. 
The first order of action by the design team was determining if this premise could develop into a 
legitimate concept. To test the team’s assumptions, a video camera was mounted on a bracket attached 
to the gauges of a motorcycle and oriented to face the rider in a fashion that would allow observation of 
the rider’s movements while negotiating turns. After reviewing the footage, it was found that the rider 
exhibited a great deal of measurable head movement corresponding to the dynamics of the motorcycle 
in preparation for cornering. When approaching turns, the rider would turn their head appreciably 
towards the direction of the turn in order to scan the road conditions ahead. This consistent behavior is 
usable as an input for the control system to achieve corner anticipation. Furthermore, such a design also 
provides a unique patentable product to develop as no related patents specify using the rider as a 
method of directing the headlights.  
 Figure 3 - System overview showing major components. Arrows indicate basic flow of information between components.
The final design will function as a three part system
the rider head movement concept. 
necessary for calculations done by the second part, the electronic control module
then take the data from the sensors
for the headlight. The ECM then sends a signal to 
which mechanically redirects the headlight
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4.2 Sensor Inputs 
A combination of sensors will be used to evaluate all information necessary to control the headlights in 
the most reliable way possible. A speedometer, accelerometer, and an electronic gyroscope in 
combination can be used to constantly monitor the dynamic conditions of the motorcycle. These 
dynamic sensors will provide information necessary to augment the magnitude of left/right headlight 
rotation and provide information for controlling vertical deflection. A minimum of two sensors would be 
needed to find all unknown dynamic conditions while cornering. The velocity (v) and turn radius (r) can 
be calculated from the equations derived in the Steady State Cornering Dynamics appendix by solving 
the equation of motion for the free body diagram shown in Figure 5 however; the bank angle (β) must 
be known first.  
 
Figure 5 - Free body diagram of a cornering motorcycle including lean angle (β).7 
Since electronic gyroscopes are angular velocity sensors, the signal produced will need to be integrated 
to find the angular displacement using the equation 
 =  


 
        Equation 1 
Now having the bank angle allows for the use of the appendix equations 
 = 	


  
    Equation 2 
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and 
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        Equation 3 
where A.M. is the accelerometer measurement which will have to be converted from voltage to the 
appropriate units first. With all dynamic conditions of the motorcycle known, the microcontroller can 
use the values to adjust gains expressed by the encoded logic for servo control. This, combined with the 
inputs from the infrared sensors, allows a large amount of tuning and digital refinements to make sure 
the lights are aimed in the best possible direction. 
 
4.3 Inertia Measurement Unit 
For our final design, we will use a single axis electronic gyroscope oriented along the longitudinal axis 
paired with a triple axis accelerometer oriented with the longitudinal, lateral, and vertical axes.  These 
sensors can be purchased together as a single incorporated unit called an inertial measurement unit 
(IMU), an example of which is shown in the picture below. 
 
Figure 6 - The four degree of freedom Inertial Measurement Unit to be used for  
measuring bank angular velocity and three axis linear acceleration. 
4.4 Tracking Head Movement 
To achieve corner anticipation, an infrared camera will determine the position of the rider’s chin relative 
to the centerline of the motorcycle. This distance from center will be used as an input to the controller 
to move the headlights in the corresponding left or right direction, see figure 6.  
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Figure 7 - Top view sketch of motorcycle depicting measurable helmet movement from centerline of bike. 
The prototype will use an embedded vision processor developed by Carnegie Mellon University. The 
CMUcam, as they call it, has been an ongoing project by The Robotics Institute to develop a low cost 
vision processor for robotic applications. Now on their third design iteration, the CMUcam has a variety 
of built-in image processing functions that we can use to complete a working prototype without having 
to spend an enormous amount of time programming our own vision processor. The main feature of the 
CMUcam that we intend to use is its ability to track a user defined object or bright spot in the image it 
sees. By mounting the CMUcam on the motorcycle’s instrument cluster, we can track which direction 
the rider is looking.  This feature will allow us to accomplish our design requirement that the system 
anticipate corners since we determined through previous study that the rider will look ahead of the turn 
prior to committing to leaning the motorcycle. 
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Figure 8 - The Carnegie Mellon University CMUcam1 featuring embedded vision processing and servo control that is capable 
of tracking user defined objects. 
The CMUcam was designed to be used indoors under adequate visible lighting conditions. The user 
manual recommends avoiding light conditions with infrared light because cmos camera sensors are 
extremely sensitive to infrared light and can cause poor color recognition by the unit. As it turns out, we 
can use this infrared sensitivity to our advantage. Since our system is only going to be used at night, 
color recognition will be near impossible and illuminating the rider with visible light would dangerously 
impair the rider’s ability to focus on the road ahead. Instead, for our prototype the CMUcam will be fit 
with an infrared pass filter so the camera will only be exposed to non visible infrared light. Then the 
rider’s helmet will be illuminated by non-visible infrared light and a small retro-reflective marker placed 
on the chin of the helmet will result in a bright spot seen by the camera. Using the CMUcam’s built in 
bright spot recognition ability; the system will be capable of tracking the rider’s helmet movement. 
Meanwhile the CMUcam will function as it normally would, except that now it is operating in the non-
visible part of the light spectrum. 
Current augmented reality systems prefer to operate in the infrared light region for exactly the same 
reasoning as ours. Infrared light is not distracting to humans. Additionally, using a retro-reflective 
marker illuminated by infrared lighting provides a bright spot in an otherwise dark image that is 
extremely easy for computers to recognize. Figure 9 is a still image produced by a cmos camera fitted 
with an infrared pass filter. The bright spots in the image are several retro-reflective markers arranged in 
a specific geometry that allows the computer to calculate the orientation if the marked object in six 
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degrees of freedom. Our system will only require that we determine the location of the chin marker 
within one degree of freedom, so only one marker will be used. 
 
Figure 9 - Computer vision of a retro-reflective marker cluster illuminated by infrared light after being fitted with an infrared 
pass filter.8 
With the camera fitted with an infrared pass filter, the reflector on the helmet will provide the bright 
spot in an otherwise all blank image for the CMUcam to track. The N x N matrix of data from the cmos 
image sensor can then be processed by the CMUcam’s microcontroller to determine the direction and 
relative magnitude from the centerline of the motorcycle the rider is looking. The spherical retro-
reflector always reflects light back to the camera therefore providing a reliable marker system. As shown 
in Figure 11, the prototype will consist of the cmos camera from the CMUcam and a stationary infrared 
light source attached to the motorcycle’s instrument cluster with the marker attached to the rider’s 
helmet, preferably the chin. 
 
Figure 10 – Commonly available retro-reflective markers used in augmented reality systems that can be placed on the helmet 
to track the riders head movement, also available in hemispheres.9 
26 | P a g e  
 
 
Figure 11 - Concept sketch of using spherical marker to reflect light back to camera. 
 
A binary depiction of what a digital camera would capture in this application is shown in Figure 12. The 
dark black line in the center of the array corresponds to the centerline of the motorcycle as perceived by 
the camera. As the rider turns his head, the high contrast infrared image would move to one side as the 
camera stays fixed to the motorcycle. Then using methods of array analysis, the centroid of the image 
can be determined and the distance from the centerline of the bike can be found. This imagery analysis 
is the foundation for the ability for the system to use the rider’s helmet movement to anticipate turns. 
Infrared optical sensors were chosen because they are not susceptible to electronic interference created 
by the motorcycle’s electrical system. 
 
 
Figure 12 - A comparison of digital arrays captured by a mounted camera. The array on the left is a binary image of the rider 
looking straight forward while the array on the right is an image of the rider looking to one side. 
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4.5 Electronic Control Module 
The electronic control module is the central component for the function of the system with regards 
to signal processing and position control. It is important to recognize that the programming 
methods within the E.C.U. determine the behavior and performance of the prototype. To ensure that 
the system is capable of performing all necessary tasks in a timely manner the Arduino Mega 
microcontroller board from Sparkfun.com, shown in Figure 13, was chosen to function as the system 
E.C.U. This Arduino board uses the Atmel Atmega128 microprocessor; a 16MHz processor with 
128K programmable memory and 8K of SRAM. These are exceptionally large amounts of memory 
that provide our team with a great deal of room for program expansion and signal processing. 
 
Figure 13 - Arduino Mega microcontroller board. 
This board will be able to directly receive analog signals from the I.M.U. and convert them to digital, 
then carry out dynamic calculations to determine the bank angle of the motorcycle. In addition, this 
board can communicate with the CMUcam to receive information regarding the direction of the 
upcoming turn. The program methods in the microcontroller will then determine the desired 
position of the light and send a pulse signal that specifies the needed angle to the servos which will 
then rotate to that specified angle, causing the lights to move to the desired position. As mentioned 
before, this microcontroller has room for expansion. We will be able to test our prototype and 
increase the complexity of the program in order to modify the behavior of the system. Additionally, 
this Arduino board has 54 I/O ports that we can use to incorporate a user interface such as buttons 
to adjust settings or gains and turn on or off features of their choosing. 
 
4.6 Electromechanical Control Apparatus 
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Figure 14 - Isometric view of the electromechanical control apparatus featuring two servos, a front servo to control left and 
right deflection and a rear servo for longitudinal rotation. 
Our design requirements list that the light be capable of controlled deflection to the left and right a 
minimum of 15 degrees from center and not exceed a volume of 60 cubic inches. The final design 
for the prototype came in at just over 50 cubic inches and greatly exceeded the horizontal 
deflection requirements reaching possible angles up to 45 degrees. The initial design requirement 
for vertical deflection was abandoned in favor of maintaining the horizontal spread of the light to 
always remain parallel to the horizon. To keep the lighting parallel to the horizon, longitudinal 
rotation was made possible by having the light rotate on a shaft aligned collinear with the 
longitudinal axis of the light. Considerable effort was taken in the design process to minimize the 
volumetric size of the design. As seen from a frontal view in Figure 14, the light and gimbal can be 
rotated about the axis projecting into the page without protruding parts that would require 
additional clearance. 
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Figure 15 - Front view of the electromechanical control apparatus showing the minimal amount of clearance needed around 
the unit to allow for rotation. Note the light is only 2.4 inches in diameter. 
The prototype electromechanical control apparatus will function as follows:  As the motorcycle 
approaches a turn in upright position the forward servo (controlling left/right deflection) will 
receive a pulse signal from the microcontroller causing it to rotate to a specified angle. The rotation 
of the servo will be transferred to the light unit through linkage and cause the light to rotate to the 
desired angle thus providing better illumination of the roadway ahead in turn.  
4.7 Servos 
Our team decided to use hobby servos to get the fully functional performance of our prototype 
underway. Hobby servos provide many benefits in reaching a working prototype on schedule:  
• Servos feature built in gear reduction sets to provide the maximum torque for their size. 
The DC motor inside a servo only takes up about half of the case volume while the rest is 
used by gear reduction sets. 
• They include feedback control circuits that are preprogrammed and ensure smooth 
operation right out of the box. 
• Not spending time now sizing small motors and gear sets and writing control methods will 
drastically reduce the amount of time to a working prototype. 
• The relatively small package of a servo does not make our size requirements impossible to 
accomplish. As we intend to redesign our product after the first working prototype, the 
larger space requirements of the servos can be eliminated and replaced with our own motor 
and gearing design. 
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Figure 16 - The Hitec HS-5485HB programmable digital servo. 
4.8 Lighting 
Our leading choice for lighting, after close evaluation, is to initially develop a lighting system that uses 
dual auxiliary lights, one placed on either side of the bike.  The alternative systems considered were to 
either rotate the all or part of stock headlight apparatus, or use a single auxiliary light.   The dual 
auxiliary light type of system offers a unique combination of benefits not seen in the alternative 
systems. It provides great flexibility because it can be easily adapted to fit a variety of bikes and is not 
subject to the space constrains involved in adapting our product to the stock headlight and fairing.   It 
also creates a much higher lighting capacity by the addition of two lights, as opposed to one or none, 
and allows an unobstructed view of the road for at least one of the lights at all times.  The disadvantages 
of this system are higher power draw and additional equipment cost and potentially diminished 
aesthetic appeal. 
Finding and using the right type of light is an important step toward creating a functional system.  The 
correct choice of light to be used for our project must meet several criteria.  Power draw must be low 
enough that the bike’s electrical system will not be overly strained by the additional load, avoiding the 
problem of burned wires or a drained battery.  This also requires that the lights operate on 12 or less 
volts in order to work correctly with the bike’s charging system.  The lights should also be as compact as 
possible to reduce drag, minimize damage if the bike is dropped, and promote aesthetic appeal.   
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Table 2 – Comparison of possible light options 
 
Concentrated beam lights are preferable to diffuse lights because they will reflect more light into the 
dark areas that need to be illuminated and have greater depth of visibility.  Cost is also a major factor, 
particularly because we are a self-funded group.  Our research has led us to lights ranging in cost from 
$25 to $750 for a pair.  A $750 pair of lights, even if perfect for the application, is not a practical choice 
as an investment or final product.  Our light of choice must balance all these criteria. 
Chapter 5: Product Realization: 
5.1 Overview 
The construction of our functional prototype included parts fabricated from raw material, pre-
manufactured parts that were modified for our purposes, and off-the-shelf components.  Most of the 
components that were left untouched were electronics, namely the Arduino microcontroller, the servos, 
and the IMU.  All other components were manufactured or modified by one or more of a variety of 
methods.  These methods included rapid prototyping, machining by mill and lathe, and cutting, drilling 
and forming using hand tools. 
5.2 Manufacturing Methods 
Description   Intensity 
(Watts) 
Diameter 
(in) 
Depth 
(in) 
Spread Price/ 
pair 
Warranty Weatherproof 
Optronics 
Competition 
 
55 2.375 2.375 N/A $25  1yr. X 
Hella DE 
 
55 3.5 5.875 32° $100  1 yr.   
PIAA 1112 
 
55 2.562 3 35° $178  Lifetime X 
PIAA 004XT 
XTREME WHITE 
 
55 2.375 2.938 25° $133  Lifetime X 
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Perhaps the most helpful and time-saving method of manufacturing parts from raw material used for 
this project was rapid prototyping.  This process was used to turn 3-D computer models of needed parts 
directly into plastic parts using a 3-D printer.  The process is performed by first building the desired parts 
to the correct dimensions in a 3-D solid modeling program, in our case, SolidWorks.  Once all parts to be 
rapid prototyped were built individually in SolidWorks, they were fit together in an assembly file to 
check fit and range of motion.  Once complete confidence in the correct shape, size, and function of 
each part was established, drawings of our parts were created and taken to Dr. Joe Mello for approval.  
Once the drawings were approved, the solid model part files were saved as .stl’s, and the drawings and 
the .stl files were taken to Larry Coolidge to for rapid prototyping.  Using a program designed specifically 
to work with the rapid prototyping machine, all the needed parts were carefully arranged so as to 
require as little filler material as possible for support during the printing process.  The rapid prototyping 
machine was allowed to run into the night, and the next day, Larry removed the finished parts and 
washed away the filler material before we picked them up.   Finishing touches such as tapping and 
minor modification for final fit were done by hand. 
Machining by lathe and mill were additional methods also used heavily for creating custom parts for our 
prototype, primarily the pivot pins used to allow the light to rotate left and right about the vertical axis.   
Two versions of the pivot pins were machined.  For the first version, the pins were machined from 
5/16ths set screws using the lathe only.  This was done by creating a fixture to hold the socket end of the 
set screw so that the rest of the screw could be turned down and, where necessary, tapped.  The 
threads were used for fixation where needed and to attach a control arm for the servo linkage.  
However, this design proved to be trouble-prone, so a second version was built using a press-fit for 
fixation, and the control arm was built on to the upper pins.  This version was built by first turning down 
the pins to the right shape on the lathe, adding knurling to the end to be fixated using the mill, then 
machining the control arms on the mill as well. 
Other parts, such as mounting brackets, were created by cutting, drilling, and bending sheet metal using 
a chop saw, angle grinder, mill, or drill press, and finishing work was done with chamfering tools and a 
deburring wheel.  These same tools were also used for the modification of pre-manufactured parts such 
as plastic housings for the electronics. 
The electronic components such as the Arduino microcontroller and servos were used without 
modification, and the components purchased were higher performance than what was really necessary 
in order to ensure we had flexibility and did not hit the performance limits of our components. 
5.3 Prototype Development 
Our prototype as it was first modeled was very squared off, limited in range of motion, contained 
unnecessary stress concentrations, and was frankly ugly.  Therefore, between initial concept and the 
first prototype built, our design became much more contoured in such a way that it became much 
stronger, had greater range of motion, and grew fairly appealing cosmetically.  Most of the 
improvements were made to the gimbal, while the base remained relatively close to its original design, 
with only a few features added for strength. 
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Figure 17 - Initial prototype gimbal concept (left) and final prototype gimbal (right) from SolidWorks models. 
 
5.4 Future Manufacturing Recommendations 
For mass manufacturing, the gimbal apparatus would probably be produced most efficiently by molding.  
A chopped fiber in a polymer matrix would be a good material choice in order to allow molding and 
provide strength and resistance to fatigue or impact.  The pivot pins could be machined much more 
quickly on CNC lathes and lathes to reduce long-term cost and maintain consistency between parts.  DC 
motors can be integrated into the design to replace the servos currently used to reduce size and cost.  
And finally, custom microcontroller boards can be manufactured containing just the required 
components and processing power in order to minimize their size and cost. 
Chapter 6: Design Verification 
6.1 Overview 
Our teams testing plan was divided into three main stages; stationary in lab testing, helmet tracking 
implementation, and real life riding tests. The results from each phase of testing will be broken down 
into further detail in the following sections. Table 3 lists the main design specifications and results 
achieved with the first prototype. 
Table 3 – Specification and physical results from testing  
Parameter Description Target Result 
Longitudinal Rotation ±20° ±45° 
Horizontal Angle Deflection ±15° ±50° 
Weight 4 lbs 2.5 lbs 
Size 4x4x6 in 3.5x4x6 in 
Response Time 0.25 s <0.25s 
Cost $600  <$500 
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6.2 Stationary Testing 
The first stage of testing was to determine the 
performance of the physical prototype and to test the 
code as it was being developed for debugging. The first 
task was to hook up the Arduino microcontroller and 
the prototype’s servos to test the performance of the 
servos and corresponding range of movement. To do 
this code was written to have the desired angles 
entered in by the user and have a function written for 
the microcontroller to send the appropriate pulse width 
modulated signal to the servo for the desired signal. The 
prototype greatly exceeded our original requirements. 
The light was capable of rotating ±45° about the 
longitudinal axis compensating for the motorcycles lean 
and ±50° about the vertical axis which is for the left/right deflection during helmet tracking. 
Another component of the physical prototype to be tested was the time to position reliant upon the 
torque provided by the servos. From extreme position to the next, the servos were powerful 
enough to move the prototype within a fraction of a second. Our team was happy with the speed as 
it was faster than was necessary for compensating the leaning of the motorcycle or the movement 
of the rider’s helmet. During this first stage of testing it was also necessary to integrate and test the 
function of the inertial measurement unit and bank angle correction function. Outside of normal 
syntax and compiling errors some major problems were 
discovered. Originally, the servos were powered by the 
Arduino microcontroller which has a 5 volt output that 
is capable of providing enough power to handle a few 
servos. While trying to test the integrating of the I.M.U. 
we found that the values from the analog to digital 
conversions were not consistent while trying to control 
the prototype. As it turned out, the default reference 
voltage for the A/D conversion was the same source for 
the servo power. When the servos were running, the 
current drain caused the A/D reference voltage to drop 
which resulted in the conversion values varying all over 
the place. At the same time, it was also found that the 
resolution from the I.M.U. was less than satisfactory. The 
values from the trapezoidal integration were growing with excessive error mostly due to this poor 
accuracy. With the A/D referencing 5 volts the accuracy was one bit per 1.5°/s. For example, the 
zero rate value from the rate gyro was 1.65 volts which produces an integer value of 337 after the 
A/D conversion. This integer value represents the output signal for the rate gyro when there is no 
rotation. Consider when the motorcycle would be leaning over slowly at a rate of 1°/s. The value 
after the A/D conversion while referencing 5 volts is 338. For 10°/s it only produces a value of 344. 
With 10 bit resolution for the A/D conversion, meaning that the values can be from 0-1023, we 
Figure 18 – Testing the prototype for range of 
movement and speed to positions. Pictured are 
the prototype, microcontroller, and inertial 
measurement unit. 
Figure 19 – Testing the gyro leveling on a rocking 
test stand to evaluate the error build-up and bank 
and reset methods. 
35 | P a g e  
 
should be using a rate gyro with a greater sensitivity than 3.3mV/°/s. However to increase the 
accuracy and solve the issue of the 5 volt reference being affected by the servo current draw, the 
reference was changed to the 2.56 volt internal reference. This doubled the accuracy of the readings 
at low angular velocities and was not affected by the servo draw. This change resulted in a much 
slower error accumulation due to the greater changes in values used for the trapezoidal 
approximation.  
6.3 Helmet Tracking 
Implementing the helmet tracking was by far the most frustrating aspect of the project. To start off, 
the source code for the CMUcam was very poorly written and the requested documentation was 
never sent to our team. Although we originally planned on rewriting parts of the CMUcam code to 
perform better for our operation, the source code was so incredibly unorganized and difficult to 
understand that we ended up not changing it. 
The first thing we attempted to do was to evaluate the performance of the CMUcam for normal 
color tracking. We had not yet received the infrared pass filters so we had to start trying to get the 
tracking system working for normal lighting conditions. We found the performance to be below par 
for the color tracking and began to doubt the ability of the CMUcam to perform as needed for the 
project. 
As soon as the infrared pass filter and infrared leds were 
received the team immediately tested them with the 
CMUcam. After a minor adjustment to the threshold for the 
tracking function we achieved desirable and robust results. 
Using a small cluster of infrared leds we tested the range 
and speed of the CMUcam’s tracking function while fitted 
with the infrared pass filter. Using the Java interface we 
dumped a frame from the CMUcam and got exactly what we 
were looking for, a bright spot that is easily distinguishable 
from its surroundings. 
After the CMUcam was tested for its infrared performance 
we wrote the necessary code for it to be connected to the 
Arduino board and started using it for controlling the front 
servo. Everything could not have worked better. The light 
was moving from left to right corresponding to the active infrared led beacon that was being moved 
around in front of the CMUcam. One notable downside to the performance was that the CMUcam 
while in tracking mode had only 80 pixels for the horizontal tracking. This low resolution resulted 
in the light having a somewhat jerky movement as it moved in degree increments rather than a 
more fluid motion that could be achieved with a higher resolution camera. 
 
 
Figure 20 – Actual image from CMUcam fitted 
with the infrared pass filter. The bright spot is 
the active beacon marking the chin of the 
helmet. 
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6.3 Dynamic testing (The fun part) 
The entire system was installed on Toby’s motorcycle 
for dynamic testing. We were very enthusiastic at this 
point because of the level of performance we had been 
seeing in stationary testing but we knew that the real 
thing would bring out any hidden problems. The first 
run brought to light the programming error in our bank 
angle resetting function, used to reset the calculated 
bank angle when the motorcycle was in the upright 
position. The y-acceleration range used in the reset was 
not given an upper bound on its values thus resulting in 
the light resetting to a zero angle while in the middle of 
a steady state turn. After giving an appropriate upper 
bound we the reset no longer occurred at the improper 
time and the leveling seemed to work alright. However, when the motorcycle was rapidly leaning 
back and forth the error from the rate gyro integration was building up and causing the light to not 
be parallel with the horizon. We believe that there is a two part solution to this problem. The first is 
to use a more sensitive rate gyro. One has been ordered already and will provide much greater 
accuracy for the bank angle calculation. The second is in the bank angle reset function. A small 
range of values were neglected from the integration values to allow for the reset to occur and a new 
method must be established to make sure that these values are no longer getting passed over. The 
final version of the source code used for the dynamic testing can be found in appendix G-2. 
 
Figure 22 - The prototype mounted on the side of the motorcycle for dynamic testing. 
 
Chapter 7: Conclusion 
Our overall goal for this project is to develop and build a motorcycle headlight system that can be 
deflected to assist primarily with illuminating corners at night.  The system will anticipate corners by 
tracking rider head movement to deflect lights left or right, and will augment the left or right deflection 
Figure 21 - The installation process for dynamic 
testing involving some minor adjustments to the code 
to compensate for adverse I.M.U. orientation. 
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with rotational compensation while the motorcycle is leaning in a corner by monitoring certain of the 
motorcycles dynamic properties.  The purpose of this system is to increase the safety of motorcyclists 
who ride at night and thus prevent unnecessary injury or death.  And hopefully, in addition, the project 
will create a profitable business opportunity for our group to pursue after graduation. 
The project set out to create a prototype and a business plan with the team’s entrepreneurial business 
student in hopes of turning the project into a real business. In conjunction with the business student we 
had certain tasks to be completed to protect our intellectual property and obtain funding for our various 
costs. The joint venture involved three primary goals; writing a provisional patent, entering the venture 
challenge, and entering innovation quest. 
7.1 Provisional Patent 
A provisional patent was awarded and is effective as of March 5th, 2010. With our intellectual 
property protected we can publically disclose any aspect of the project we want to. This will allow 
us to commence getting feedback from potential customers regarding the function of the system. 
Previously it was of great concern that public disclosure would invalidate the utility patent when 
one was finally awarded. The provisional In addition, the provisional patent only gives a year for an 
actual utility patent to be filed. In the next year the team will need to finalize all the features of the 
system so that a full utility patent can be written. 
7.2 Venture Challenge 
Our team completed the Cal Poly Venture Challenge and ended in a three-way tie for first place, which 
awarding the project with a little over $3,ooo and lots of great feedback, insight, and direction. This 
money is going to be placed in a joint business account to fund the project further. Additionally, the 
money will refund the members who have already spent money on project materials and components. 
Piggy-backing the Venture Challenge will be a summer business workshop that will additionally refine 
the business plan for our emerging company. 
7.3 Innovation Quest 
Unfortunately our team was not chosen to compete in the innovation quest this year. However, we 
are planning on coming back for the following innovation quest with a better functioning prototype 
and a more developed business plan to the competition.  
7.4 Final Thoughts 
After completing the project our team’s consensus is that we could use some improved hardware. One 
of the main limitations that we ran into was funding. Since we were paying out of pocket we had to go 
with less than ideal components for the project. However, after winning the venture challenge we 
received some much needed funding that will now be able to be used for better parts and a better 
prototype. The entire team has plans for working on the system and business plan over summer and we 
all have high hopes for continuing this venture together successfully. 
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